The authors assessed the acute association between particulate air pollution and mortality among subjects suffering from chronic obstructive pulmonary disease by using a case-crossover analysis. This design avoided the common concerns about the methods used to assess the acute effects of air pollution. The 1,845 men and the 460 women included were residents of Barcelona, Spain, who were over age 35 years, had died during the period 1990-1995, and had visited emergency rooms because of a chronic obstructive pulmonary disease exacerbation during the period [1985][1986][1987][1988][1989]. Particle levels (measured as black smoke at the city monitoring stations) were associated with mortality for all causes (odds ratio (OR) for an increase of 20 |xg/m 3 , the interquartile change, adjusted for temperature, humidity, and influenza = 1.112, 95 percent confidence interval (Cl): 1.017, 1.215). The association was stronger for respiratory causes (OR = 1.182, 95 percent Cl: 1.025, 1.365), but was not significant for cardiovascular causes (OR = 1.077, 95 percent Cl: 0.917, 1.264). Older women, patients admitted to intensive care units, and patients with a higher rate of emergency room visits were at greater risk of dying associated with black smoke. The results reinforced the deleterious role of urban pollution and provided information on factors possibly conferring susceptibility to the acute role of air pollution. Am J Epidemiol 2000; 151:50-6. air pollution; lung diseases, obstructive; mortality
The occurrence of some 4,000 excess deaths due to cardiorespiratory diseases during the London, England, smog of 1952, which had high concentrations of smoke and sulfur dioxide, was among the earliest evidence of the acute health effects of air pollution (1) . A panel study of bronchitic patients conducted in London during the late 1950s and 1960s found that peaks in smoke and sulfur dioxide levels increased respiratory symptoms in such patients (2) . Recent studies of daily deaths suggested that a temporal association between particulate air pollution and total mortality was occurring with much lower levels than during the 1960s (3). According to recent toxicologic (4-7) and epidemiologic (8) (9) (10) (11) evidence, this association may be explained by a greater susceptibility among frail subpopulations, such as subjects suffering from a chronic obstructive respiratory disease (COPD). However, the studies of daily deaths were limited because the unit of observation was the day, not the individual, and because air pollution was only weakly associated with mortality. In addition, the mathematical methods used to model the covariation of environmental exposures and health events over time were criticized because of the complexity of the models and the potential for confounding due to temporal and weather variables (12) .
The case-crossover design is an adaptation of the case-control design for the analysis of transient effects on the risk of acute events, in which cases serve as their own controls (13) . A subject's characteristics and exposures at the time of a health event (case-period) are compared with those at a previous point in time when that subject was a noncase (control-period). Each risk set consists of one individual as that individual crosses over between different exposure levels in the interval between the two time periods. The use of a case-crossover design avoids the common concerns about the complex mathematical modeling and adequacy of seasonal control, since its approach controls for time trends and seasonal patterns by design. Moreover, this design eliminates the confounding by fixed characteristics of the individuals and reduces the potential confounding role of weather variables and influenza epidemics. The use of a case-crossover analysis of daily mortality and particulate pollution was first carried out by Neas et al. (14) in Philadelphia, Pennsylvania, although so far they have published only a preliminary report. Our objective was to assess the acute association between particulate air pollution and mortality among subjects suffering from COPD by using a case-crossover design. The fact that the unit of observation was the individual allowed us to explore which of these patients' characteristics conferred a greater susceptibility to air pollution.
MATERIALS AND METHODS
Residents of Barcelona over age 35 years who sought emergency room services for COPD exacerbation from 1985 to 1989 were included. Subjects were selected from the respiratory emergency room admissions monitoring system that was set up in Barcelona to investigate asthma epidemics in the city (15) . Data were collected from the clinical records of the four largest urban hospitals in Barcelona, which included approximately 80 percent of all COPD and asthma emergency room visits in the city (15) . Visits recorded at other hospitals in the city did not differ in terms of the social or demographic characteristics of the patients. Physicians reviewed the clinical records of all daily visits and selected those with diagnoses in the clinical record that matched a list drawn up by a panel of pulmonologists. Using this information and other necessary data from the clinical record, they classified the emergency visit as asthma, COPD, or other respiratory causes, as explained elsewhere (16) . The list of terms that qualified a patient for inclusion as having COPD were: COPD, COPD exacerbation, chronic respiratory insufficiency, chronic respiratory insufficiency exacerbation, chronic bronchitis, emphysema, cor pulmonale, or chronic airflow limitation, which referred to International Classification of Diseases, Ninth Revision (17), codes 490-492 and 494-496. Discrimination between COPD and asthma was highly reliable (kappa statistic = 0.91) according to a validity study of the monitoring system (17) . Data on first name and both surnames, age, gender, address, and details of patient referral or discharge were recorded. We employed a "flexible deterministic record linkage," using software developed in-house, to group together episodes referring to the same individual (18) .
Vital status was ascertained through record linkage of the cohort individuals with the Catalonia Mortality Registry for the years 1985-1995. Fields used for linkage were full name, gender, and year of birth (15) . People not detected as deceased in the Mortality Registry were considered alive at the end of the study period (December 31, 1995 Our analysis was limited to those persons who always received a diagnosis of COPD and who survived until December 31, 1989 (n = 6,745), the date the recruitment of patients ended. To avoid misclassification between COPD and asthma, patients diagnosed with either COPD or asthma at different visits (n = 750) were not considered. The study covered people who died during the period 1990-1995 (n = 2,576 of 6,745). Owing to missing values in some of the variables in the case period or in one of the two control periods, 10.5 percent of the subjects (n = 271) were excluded.
Air pollution exposure was measured at the city monitoring stations, which provided an average for the entire city. Details about the monitoring sites, the measurement methods, and the indicators can be found elsewhere (9) . The 24-hour average levels of particulate matter were assessed through the reflectometry method, also called black smoke, in a network of 15 samplers that also measured sulfur dioxide (conductivity method). Only one of the samplers gave missing values for more than 10 percent of the days. Missing observations for specific samplers were replaced by the city's average value, when more than 50 percent of the samplers on that day collected the data. The National Meteorological Institute collected daily information on average temperature and humidity from one station in the city and at the airport. Data on influenza epidemics were provided by the epidemiologic surveillance services of the Barcelona city council as a dummy variable (in the form of a yes/no answer).
Analysis
The analysis followed a case-crossover procedure. The case-crossover design controls many time-varying confounders by creating risk sets separated by only a small interval of time. Factors that vary over a longer time scale, such as year, season, and smoking status, are the same in both periods and, therefore, cannot confound the health effects of more rapidly varying factors, such as air pollution. Weather factors such as temperature may covary on the same time scale as air pollution and so must be considered in the analysis. However, because the referent periods are so close to the case periods, the variation in weather is less than that in the time series analysis and, hence, is easier to model. Air pollution levels on the dates of death were compared with air pollution levels 1 week before and 1 week after death. The underlying hypothesis was that air pollution on the date of death would be higher than those on the comparison dates. We chose a control period 1 week after the case period to assure that the season would be controlled for. We had validated that a 1-week interval was sufficient to remove seasonal confounding using a simulation study and, by definition, controlled for day of the week (19) . We chose to use both a pre-and a postevent control period to assure control for time trends. If only a preevent control period was used, and if a long-term time trend in mortality was present, then confounding could occur, since the case period always followed the control period.
Case-crossover avoided all confounding related to fixed characteristics of the individual, since a person was his own control. Variables related to the individuals could act as effect modifiers, which were assessed with a stratified analysis and determined by testing significance of the interaction term in the logistic regression model. Only meteorologic variables or other variables related to days (e.g., influenza epidemics) could play a confounding role and were included in the multivariate regression models. The association between mortality and particulate pollution was calculated by the odds ratio using conditional logistic regression, which was run with the STATA statistical package (StataCorp, College Station, Texas). Odds ratios were expressed for the interquartile difference of black smoke (between the 25th and the 75th percentiles of the distribution), as observed during the study period; this was approximately 20 (ig/m 3 . The lag structure used was selected a priori based on the hypothesis that associations with pollution occurred on the same day or the previous 2 days (20) . Longer periods of induction time have rarely been described. Thus, we used the cumulative lag up to 2 previous days (i.e., the average of the same and previous 2 days). A sensitivity analysis with single lags was also carried out.
RESULTS
A total of 1,845 men and 460 women were included (table 1) . Although the women were older than the men, the number of men attending emergency room visits during the period 1985-1989 was higher, and the severity of the referral of the visits was worse than for women's visits to emergency room during the period [1985] [1986] [1987] [1988] [1989] . Particle levels decreased with calendar time. The main causes of death were cardiovascular disease in women and respiratory disease in men. In both genders, approximately two thirds of the deaths were due to cardiorespiratory causes. For the most part, the respiratory deaths were coded as COPD on the death certificate.
In the case period, the levels of black smoke (p = 0.02) and the frequency of influenza epidemics (p = 0.07), but not the levels of sulfur dioxide or the meteorologic variables, were higher than in the control period (table 2) . Black smoke was associated with mortality for all causes of death after adjustment for meteorologic variables and influenza epidemics (table  3) . The association was particularly strong for respiratory causes, but it was not significant for cardiovascular causes. When only cardiac diseases or myocardial infarction were assessed, instead of all cardiovascular causes, the magnitude of the association remained similar. The analysis with single lags of air pollution showed that the lag with the strongest association was the same day for all-cause mortality (odds ratio (OR) = 1.08, 95 percent confidence interval (CI): 1.01, 1.16) and the previous day for respiratory causes (OR = 1.13, 95 percent CI: 1.00, 1.27), although the association was similar between the single lags. For cardiovascular mortality, none of the single lags were significant. Meteorologic variables were not associated with mortality, except for the association of humidity with cardiovascular mortality. The association with sulfur dioxide, although positive, was not significant for any of the causes (OR for all-cause mortality = 1. Older women, all patients admitted to intensive care units, and all patients with a higher rate of emergency room visits were at a greater risk of dying from all causes and respiratory causes in association with black smoke levels (table 4), although only the interaction with the rate of emergency room visits was statistically significant (p < 0.05). Season of death, age below the upper quartile, and being visited on days with high pollution levels during the period 1985-1989 were not effect modifiers. Among these susceptibility variables, male gender was associated with severity, as shown in table 1. However, a higher odds ratio with a more severe admission was found in both women and men.
DISCUSSION
This paper strengthens the epidemiologic evidence of an acute adverse effect of airborne urban particle levels in mortality, since the observed significant association was obtained by using individual data, implementing a design that overcame the common limitations of the widely used time-series approach. A case-crossover design had great advantages in compar- ison with an aggregated design, since the observation of individuals provided evidence compatible with clinical observations. Furthermore, the design potentially reduced the confounding role of variables such as temperature and humidity, due to the small variation in temperature and humidity that occurred in a 1-week period (e.g., the standard deviation of differences in temperature among case and control periods was 2.62 in comparison with 5.97 in the time series). Moreover, a case-crossover design did not require complex mathematical modeling. In contrast, there have been criticisms of time-series studies that needed to control for time-varying factors such as trend, season, and day of the week using a range of approaches that included variables for season, trigonometric functions, and nonparametric smoothing. A final advantage of the casecrossover design was the lack of autocorrelation in the outcome because the unit of observation was the individual and not the day. Autocorrelation in exposure was unlikely, since the usual induction time of particle health effects was shorter than 4 days (20) and we used 1 week as the control period. In addition, the findings showed that patients with COPD were a population susceptible to urban particles, particularly older women and those patients with more severe disease. The associations observed for all causes and respiratory causes were stronger (approximately 10 times greater) than that observed when all subjects, instead of only COPD patients, were assessed (20) . The finding of a stronger association in a subpopulation with a specific disease that should predis- pose them to air pollution strengthened the evidence that the association was causal.
There has been an increase in investigations concerned with potential mechanisms involved in the development of adverse effects in patients with COPD at such low mass concentrations of particles. Suggestive explanations have been provided (4) . The fact that the most severe patients were the most susceptible suggested that urban particles could act through an additive effect in frail people. COPD patients have a systemic deficit in their antioxidant defenses (21) , and particles could have produced a significant additive oxidative stress (4, 5) as a response to the inflammation of the lungs (21, 22 ). An alternative explanation of the COPD susceptibility was that lung deposition of inhaled fine particles was much higher in patients with obstructive airways diseases than in normal subjects (23) .
The higher respiratory mortality in elderly women than elderly men could be attributed to a different proportion of frail people, not detected by our indicators of severity, between the genders. Thus, the fact that differences by gender were seen only in the elderly could be explained by a higher survival among frail women than among frail men. Alternative explanations have many bases, from inherent different susceptibility to different exposures, similar to the observed greater effect of smoking in women than in men (24) . Hence, the inflammatory response could be higher in women than in men (24) . In addition, women have smaller (25) . The two main factors that explained the differences in particulate deposition in men and women were their breathing patterns and their airway resistance (25) . The association of air pollution with mortality among COPD patients was stronger for respiratory causes of death than for cardiac deaths. Validity of cause of death was limited, since we had access to only the underlying cause from the death certificates. Thus, misclassification between respiratory and cardiac causes was possible. Nevertheless, we found a stronger association with cardiac deaths than that observed in studies that included the entire population, although it was at a nonsignificant statistical level, probably due to a lack of statistical power. There was increasing evidence of effects of particulate air pollution on the heart (7).
The potential for misclassification of exposure, due to the lack of personal measurements of particles, was the same as in time-series studies. This bias probably underestimated the association (20) . In addition, we used black smoke, which was not the best indicator of fine particles. To what extent the toxicity of particles was associated with the number of ultrafine particles or the particle mass was a matter of controversy, although in some studies the amount of surface area exposed to the lung (which depends on the number density) was more important in terms of determining magnitude of the health effects than the mass density (26, 27) . Most of the studies used a marker of mass rather than of counts. While there was invariably a clear correlation between black smoke, particulate matter (PM) lower than 2.5 |i.g (PM 25 ), PM lower than 10 |J.g (PM, 0 ), and particle number density, there was considerable daily variation in the correlation coefficients (27) . Nevertheless, black smoke appeared to be a good indicator of diesel exhausts (28) , which was an important source of ultrafine particles (29) , as well as of distance from the highways (30) . A second controversy was related to the role of urban pollutants other than particles. Sulfur dioxide did not show a significant association with mortality in this study. Levels of sulfur dioxide decreased to a daily average of 17 u,g/m 3 (standard deviation = 8.3) during the period 1990-1995. Sulfur dioxide, a highly soluble gas, was predominantly stripped out of the upper airways (31) . Hence, the role of sulfur dioxide in exacerbating COPD was less coherent. We did not assess the promoting role of other pollutants such as nitrogen dioxide or ozone, which have played a synergistic role with particles in some studies (32) , due to high collinearity between particles and nitrogen dioxide. Complexities derived from the analysis of interrelations among pollutants deserve a further and more detailed analysis. Epidemiologic findings suggested that when COPD was the cause of death most of the mortality was displaced by only a few months, whereas for pneumonia and heart attacks, the deaths were brought forward by months or years (33) . Approximately one third of the men in our study died from COPD. Those deaths may have only been advanced a short time (i.e., the phenomenon known as harvesting). If so, the public health impact of our findings could be lower than if harvesting had not occurred. However, the finding that, in this population, air pollution was associated with emergency admissions during the period 1985-1989 (9) and with mortality during 1990-1995 indicated a "high risk model" as an alternative to the "harvesting model." According to the high-risk model, exacerbations were associated with air pollution and with chronic deterioration, whereas the harvesting model was limited to death as the only outcome.
This study provides, for the first time, an analysis of the acute role of air pollution in mortality by using individuals as the unit of observation. Conclusions reinforce the deleterious role of urban pollution and provide new epidemiologic information on factors that may confer susceptibility to the acute role of air pollution. Given that COPD is a common disease (with a prevalence that is higher than 10 percent for people in Western countries who are over age 55 years) (34), these findings have a considerable public health impact.
